In this study, a model for estimating crop gross primary production (GPP) using the product of a chlorophyll-related vegetation index (VI) and incident photosynthetically active radiation (PARin) was developed and tested. This model, which may be based entirely on satellite data, was tested using Landsat and MODIS data for GPP estimation in both maize and soybean, crop types that differ in leaf structure and canopy architecture, under different crop management and climatic conditions. The model was capable of estimating GPP accurately in three Nebraska AmeriFlux sites during growing seasons 2001 through 2008. Validation for the same crops was done over Illinois, Minnesota and Iowa AmeriFlux sites. The developed model was successfully applied to measure GPP of vegetation (crops, grasslands and deciduous forests) where total chlorophyll content is closely tied to the seasonal dynamic of GPP.
Introduction
An accurate and synoptic quantification of spatially distributed carbon dioxide (CO2) fluxes is essential for regional and global studies of carbon budgets. Remote sensing is a viable and expedient tool to indirectly measure CO2 fluxes through the estimation of GPP. Since the early 1960's, scientists have looked for natural short-cuts to estimating productivity based on the biophysical characteristics of vegetation related to photosynthesis. Among them was the total chlorophyll content (Chl) per unit area (e.g., Whittaker and Marks, 1975) . Chl was found to be related to absorptance, crop productivity and net photosynthesis (Osborne and Raven, 1986 and references within). Baret et al., (2007) showed that canopy Chl is well suited for quantifying canopy level nitrogen content and that nitrogen status could only be assessed through Chl estimates. A close relationship between the contents of nitrogen and Chl at canopy level rather than at leaf level was also clearly demonstrated for crops and grasses subjected to a range of nitrogen stresses (e.g., Schlemmer et al., 2012; Clevers and Gitelson, 2013) . A close, consistent relationship between GPP and total canopy Chl has been found ( Fig. 1 , see also Gitelson et al, 2003; 2006; . A model was suggested to relate crop GPP to a product of Chl-related VI and incoming photosynthetically active radiation (Gitelson et al., 2006; . It was shown that the VI-PARin-based model was able to accurately estimate grassland GPP using close range data (Rossini et al, 2014) and GPP in crops using MODIS (Wu et al., 2009) , as well as MERIS data (Boyd et al., 2012) . To apply the model to satellite data, it was suggested to use a product of Chlrelated VI and potential photosynthetic active radiation (PARpot) for estimating crop GPP (Gitelson et al, 2012) . PARpot is the PARin value under conditions of minimal aerosol loading and represents the seasonal changes in hours of sunshine (i.e. day length). The objectives of this paper are to: 1) justify a new paradigm based on the assumption that the total Chl content in crop canopies is a main driver of GPP; 2) test the performance of Chl-related VIs in estimating maize and soybean total Chl content; and 3) assess the accuracy of GPP estimation using Chl-related VIs as applied to close range hyperspectral data as well as Landsat and MODIS satellite data.
Materials and methods
Three AmeriFlux sites, all located within 1.6 km of each other at the University of Nebraska-Lincoln Agricultural Research and Development Center near Mead, Nebraska, USA, were studied during the growing seasons 2001 through 2008. Sites 1 and 2 are 65-ha fields equipped with center pivot irrigation systems. Site 3 is of approximately the same size, but relies entirely on rainfall for moisture. Site 1 is planted in continuous maize. Site 2 and site 3 are both planted in a maize-soybean rotation, with soybean being planted during the even years (2002, 2004, 2006 and 2008) under no-till management. Further details concerning these fields are given in . Each study site is equipped with an eddy covariance tower and meteorological sensors to obtain continuous per-hour measurements of CO2 fluxes (Verma et al., 2005) . Daytime net ecosystem exchange (NEE) values were computed by integrating the hourly CO2 fluxes collected during each day. Daytime estimates of ecosystem respiration (Re) were obtained from the night CO2 exchange and temperature relationship, and daytime GPP was then acquired by subtracting Re from NEE (Verma et al., 2005) . quantum sensors (LI-190, LI-COR Inc., Lincoln, NE) directed upward to the sky and placed 6m above the ground surface. Daytime PARin values were computed by integrating the hourly measurements during each day. Spectral reflectance measurements were made using hyperspectral radiometers mounted on all-terrain sensor platform (Rundquist et al., 2004; . A dualfiber optic system, with two inter-calibrated Ocean Optics USB2000 radiometers, was used to collect radiometric data in the range of 400-1100 nm with a spectral resolution of about 1.5 nm. One radiometer equipped with a 25 o field-of-view optical fiber was pointed downward to measure the radiance upwelling from the crop, and the height of this instrument was kept constant above the top of the canopies (5.4 m) throughout the growing season, yielding a sample area at the top of canopies with a diameter of 2.4m. The other radiometer was pointed upward to measure simultaneously the incident irradiance. Percent reflectance was computed based on the measured radiance and irradiance (Gitelson et al., 2006 and Vina et al, 2011) . A total of 36 spectra were sampled per site at each data acquisition, and their median value was used to represent the site reflectance. Spectral reflectance measurements at the canopy level were carried out from May to October during the growing seasons 2001 through 2008. This resulted in a total of 314 reflectance spectra for maize and 145 spectra for soybean.
In this study, we tested several widely used VIs for GPP estimation. The collected reflectance spectra were resampled to spectral bands of MODIS and SR, NDVI, EVI2, VARI, WDRVI and CIgreen were calculated. The reflectance spectra were also resampled to spectral bands of MERIS and TVI, MTVI1, MTVI2, MTCI, red edge NDVI and CIred edge were calculated. Both Landsat-5 TM and Landsat-7 ETM+ images were used. The data from three Nebraska study sites were used for model development and calibration, while the limited number of images taken over Minnesota, Iowa and Illinois sites was used for model validation (Gitelson et al, 2012) . Due to limited spectral resolution (only red and NIR bands are available in MODIS 250 m data), three Chl-related VIs were examined: NDVI, EVI (Huete et al, 1997) and WDRVI (Gitelson, 2004) . MODIS NDVI was retrieved from MODIS 250 m surface reflectance data (MOD09Q1).
Results and discussion
Close range sensing Twelve widely used VIs were tested for estimating GPP using the data acquired at close range (Fig. 2) . The best performers were those vegetation indices that used green and red edge bands (CIred edge, CIgreen, MTCI). Among VIs employing only red and NIR bands, the simple ratio was the best for maize, and WDRVI for soybean. The question of interest for precision agriculture is whether VIs could be used for both C3 and C4 species with no reparameterization of algorithms. Thus, the following questions were addressed:
(1) are the algorithms developed for maize and soybean different? (2) is it possible to develop a unified algorithm for GPP estimation in both maize and soybean? Performance of algorithms calibrated for maize (Fig. 2 , see also , was tested for GPP estimation in soybean. The algorithms with VIs based on NIR and visible bands (VARI, MTVI1, TVI, MTVI2, SR, CIgreen, WDRVI, NDVI and EVI2) were not accurate when applied for soybean (Fig. 3) . However, the accuracy of GPP estimation in both crops was much higher when VIs based on MERIS red edge bands (CIred edge, MTCI and red edge NDVI) and NIR were used. The optimal band for GPP estimation in both maize and soybean was found around 720 nm. Both red edge NDVI and CIred edge were able to estimate GPP in soybean and maize with RMSEs of less than 2.9 gC/m2/d (Figs. 3 and 4) . This is consistent with the optimal red edge band for Chl content estimation in both crops (Gitelson et al, 2005) .
Satellite sensing Concurrent GPP, MODIS and Landsat observations during 2001-2008 over the three Nebraska sites represented a wide range of GPP variation (maize GPP ranging from 0 to 31 gC/m 2 /d; soybean GPP ranging from 0 to 18 gC/m 2 /d). The relationship GPP vs. NDVI×PARpot was nonlinear with slope decreasing as GPP increased. MODIS and Landsat-derived NDVI was a good indicator of low-to-moderate GPP, but it was less accurate in detecting GPP when it exceeded 20 gC/m 2 /d. The normalized difference VIs (NDVI, green NDVI and green WDRVI) performed better than ratio-based VIs (SR, and CIgreen): the CVs were above 25% for ratio VIs while below 19% for normalized difference VIs.
All six VIs used in the current study were species specific for maize and soybean. For the same GPP, the value of VI×PARpot in soybean was consistently higher than that in maize with VIs calculated from reflectance in NIR and red bands. This result is due to contrasting leaf structures and canopy architectures of maize and soybean Gitelson, 2011) . Thus, prior information about crop types is required when VIs with red and NIR bands used for GPP estimation. However, when greed band used, as in the case of green NDVI, the relationships for maize and soybean were close, allowing accurate GPP estimation in both crops using the same algorithm (Fig. 5) . GPP and green NDVI×PARin vs. GPP for (a) maize and (b) soybean. Green NDVI was derived from TM and ETM+ Landsat data.
The Chl-based VI model using MODIS 250 m data brings high temporal resolution. To test performance of the model for estimating GPP in irrigated and rainfed maize-soybean croplands, eight years of MODIS 250 m data were collected and analyzed . NDVI, EVI2, WDRVI and simple ratio were tested in the models. The best performance was found for WDRVIand EVI2-based model (Fig. 6 , Peng et al., 2013) . 
Conclusions
The develop models using hyperspectral close range, Landsat-TM/ETM+ and 250 m MODIS standard reflectance products were able to assess GPP with high accuracy. The results provide a conceptual background for GPP estimation using close range, airborne and satellite data. The choice of the index used in the model depends on the spectral characteristics of the radiometer or the specific satellite sensor being used. The CIred edge can be used for satellite systems with spectral bands in the red edge region (e.g., Hyperion, MERIS, and future Sintenel-2 and Sentinel-3), while the CIgreen can be used in satellite systems with spectral bands in the green region (e.g., Landsat, Hyperion, 500 m and 1 km resolution MODIS, and MERIS). The EVI2, SR, and WDRVI, employing only two spectral bands, the red and NIR, can be used for crop monitoring by satellites such as AVHRR, Landsat, MODIS 250 m, and future systems Sentinel-2 and Sentinel-3. The implications of our findings are farreaching because the described techniques open a new possibility for an accurate estimation of crop GPP at different scales, from close-range to satellites latitude. 
